ABSTRACT.-Predictive models of aboveground biomass of nonnative Tamarix ramosissima of various sizes were developed using destructive sampling techniques on 50 individuals and four 100-m 2 plots. Each sample was measured for average height (m) of stems and canopy area (m 2 ) prior to cutting, drying, and weighing. Five competing regression models (P < 0.05) were developed to estimate aboveground biomass of T. ramosissima using average height and/or canopy area measurements and were evaluated using Akaike's Information Criterion corrected for small sample size (AIC c ). Our best model (AIC c = -148.69, ΔAIC c = 0) successfully predicted T. ramosissima aboveground biomass (R 2 = 0.97) and used average height and canopy area as predictors. Our 2nd-best model, using the same predictors, was also successful in predicting aboveground biomass (R 2 = 0.97, AIC c = -131.71, ΔAIC c = 16.98). A 3rd model demonstrated high correlation between only aboveground biomass and canopy area (R 2 = 0.95), while 2 additional models found high correlations between aboveground biomass and average height measurements only (R 2 = 0.90 and 0.70, respectively). These models illustrate how simple field measurements, such as height and canopy area, can be used in allometric relationships to accurately predict aboveground biomass of T. ramosissima. Although a correction factor may be necessary for predictions at larger scales, the models presented will prove useful for many research and management initiatives.
Native riparian ecosystems throughout the southwestern United States are being altered by the rapid invasion of Tamarix species. Introduced from Eurasia in the early 1800s for erosion control, windbreaks, and ornamentation, Tamarix was acclaimed for its ability to withstand drought, heat, and diverse soil conditions (Carleton 1914 , DiTomaso 1998 . These views began to change by the mid-1900s as resource managers witnessed Tamarix's remarkable ability to spread and cause dramatic effects on native flora, wildlife habitat, and hydrologic processes (Christensen 1962 , Robinson 1965 , Harris 1966 . Although researchers have been actively examining the effects of Tamarix on a number of ecological processes (Campbell and Dick-Peddie 1964 , Carman and Brotherson 1982 , Stromberg 1998 , Sher et al. 2002 , there is still little quantitative information on biomass or transpiration rates, and predictive regression models or allometric equations have not been previously developed. This is of particular con cern to resource managers who work where water yield is heavily managed and biomass estimates are required for many management, monitoring, and restoration efforts. In addition to clarifying potential transpiration and water use (Sala et al. 1996) , biomass measurements are commonly utilized in monitoring the effectiveness of restoration efforts (Johnson et al. 1986 , Oomes 1992 ) and in evaluating leaf area (Nagler et al. 2004) , nutrient flow and productivity (Kelly et al. 1974 , Cannell et al. 1987 , wildlife habitats (Wiens and Rotenberry 1981, Rea and Gillingham 2001) , fire effects and hazards (Abrams et al. 1986 ), disturbance (Mc William et al. 1993) , and impacts of nonnative plant invasions (Haase and Haase 1995, Standish et al. 2001 (Whittaker and Woodwell 1968 , Monk et al. 1970 , Swank and Schreuder 1974 , Young 1976 , Crow 1983 , Pastor et al. 1984 , there is yet to be an adequate method for estimating the biomass of Tamarix and other multistemmed shrubs. Diameter measurements (diameter at breast height, dbh) are frequently used and have strong correlations with biomass (Prescott et al. 1989 , Arthur and Fahey 1990 , Harcombe et al. 1993 ; however, measurements of dbh are difficult to acquire for Tamarix due to its irregular growth patterns, multiple stems, and tendency to persist in dense stands. A single Tamarix tree may have a single bole or dozens of stems protruding from the ground. Variations in growth patterns are often related to species characteristics, fluctuations in resource availability, or various disturbances. These discrepancies in stem growth and the labor associated with collecting field measurements have discouraged the collection of dbh measurements and limited most Tamarix surveys to height and canopy cover (Campbell and Dick-Peddie 1964 , Wilkinson 1966 , Nagler et al. 2004 ).
There are 2 methods that are generally employed for measuring biomass of single-bole trees. The first is complete harvesting, or destructive sampling, where an individual or group of individuals is measured, cut, dried, and weighed (Grier and Logan 1977 , Gholz 1980 , Jenkins et al. 2001 . Although this method produces accurate results, it is often labor intensive, costly, and impractical, and limits possibilities of temporal studies. The 2nd method uses regression models based on other tree dimensions that are more easily measured, such as dbh, height, and canopy cover (Swamy et al. 2006 ). Due to the constraints associated with dbh measurements of Tamarix, we examined the potential of modeling Tamarix ramosissima biomass using only height and cover measurements. (Robinson 1965 , Lindauer 1985 , F. Pannebaker, National Park Service, personal communication).
METHODS

Field Sampling and Laboratory Procedures
During our 1st field campaign at Oxbow SWA, we selected 25 T. ramosissima trees of various height classes ranging from 0.6 m to 5 m for complete harvesting and biomass measurements. At the time of sampling, T. ramosissima trees were in full foliage and had only remnant flowers. Before cutting, we established a scaledependent plot around each tree to determine area and percent canopy cover. The scaledependent plot is a square or rectangular design that is adjustable to the dimensions of an individual tree or stand of interest. The area of each plot varied in size, having different lengths and widths based on the size and canopy cover of the tree (or stand) being measured. The length and width of each plot were measured to determine the plot's area (m 2 ). We estimated average height (m) and total percent canopy cover for all sampled trees, including dead stems. Individual trees were then cut at the ground surface and carefully moved to tarps to ensure that all parts were collected and weighed. Each tree was weighed using a portable scale immediately following cutting (total green weight). Foliage (including small diameter green stems) was then separated from woody parts, and each part was weighed separately to determine weight distribution and ratios.
Next, we subsampled both foliage (n = 20) and woody parts with mixed diameters (n = 20) for drying. Larger woody parts were split or cut into smaller pieces to hasten the drying process. Each subsample was placed in a 20 × 30-cm preweighed burlap bag and transported to the Natural Resource Ecology Laboratory, Colorado State University, Fort Collins. Subsamples were oven-dried at 60°C and weighed regularly until weights became constant. Foliage subsamples took 7 days for weights to stabilize, while woody parts took 14-18 days.
A 2nd field campaign was conducted in Grenada SWA to collect additional samples at the level of individual trees and at a stand level. At the time of sampling, nearly all of the foliage had fallen or was only weakly attached. We collected biomass data on the woody parts only, applying previous results from our weight distribution analyses in Oxbow SWA to estimate the weights of lost foliage. Using the same methods previously de scribed (without foliage measurements), we harvested and measured an additional 25 T. ramosissima individuals, which ranged from 1.8 m to 6.1 m tall. Because leaves were absent, we gave careful consideration when estimating foliar percent coverage. Our estimates reflected probable cover if full foliage were present. Ten subsamples of woody parts with mixed diameters were collected for oven-drying. Additionally, we established four 10 × 10-m (100-m 2 ) plots for measurements. Prior to complete harvest of the 100-m 2 plots, we recorded number of trees, average height, and total percent canopy cover of T. ramosissima within each plot. Tamarix ramosissima trees on the edges of each plot were carefully cut along the 100-m 2 plot perimeters to determine whether or not branches were to be included in the sample. Woody parts and remnant foliage were separated, and only the woody parts were saved; the foliage and deadwood were discarded on the ground. All standing woody parts were weighed in the field and summed to determine total green woody weight for each stand. No litter or dead parts were considered.
Statistical Analyses
The canopy area (m 2 ) for each tree or plot was calculated by multiplying the plot area (m 2 ) by the percent canopy cover recorded in the field. Our analyses included all 50 individual tree samples and the four 100-m 2 plots (n = 54). A suite of candidate regression models for total aboveground biomass was developed using average height (m) and canopy area (m 2 ), and their interaction terms as predictor variables. In all cases we used P < 0.05 and tolerance levels <0.95 as the criteria to include a variable as a significant predictor. Regression analyses were conducted using the PROC REG procedure in SAS software (SAS Institute, Inc. 2004) . Residuals from the models were plotted against fitted values to check nonlinearity, unequal variances, and outliers in the data (Zar 1999) . Prior to regression analyses, total oven-dry aboveground biomass (TAGB; kg) of T. ramosissima and canopy area were logtransformed to normalize these variables and meet the as sumption of normality for regression models (Neter et al. 1996) .
The candidate models were evaluated using Akaike's information criterion (AIC) and the information-theoretic approach (Burnham and Anderson 2002) . Normally distributed errors with a constant variance were assumed for least-squares regressions. Since the number of observations was small (n = 54), we used AIC adjusted for small sample size (i.e., AIC c ; see Burnham and Anderson 2002:66) . We identified the best model with the lowest AIC c and calculated AIC c differences (ΔAIC ci ) across all candidate models in the set. The best model has ΔAIC ci = 0 (Burnham and Anderson 2002:70-71) .
For log-log regression models, taking antilogs of the previously transformed data to estimate total aboveground biomass induces an inherent bias "because the largest values are compressed on the logarithmic scale and thereby tend to have less 'leverage' than small values in making such an estimate" (Beauchamp and Olson 1973) . Therefore, a correction factor (CF) has been recommended to account for this bias (Sprugel 1983) . The CF for the models was calculated as follows (Sprugel 1983) :
where s x -is the standard error of the estimate of the regression model. The biomass estimates
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should be multiplied by the CF for unbiased estimation of total aboveground biomass (Sprugel 1983 ).
RESULTS
Sampled trees from both sites ranged from 0.6 m average height and 0.03 m 2 canopy area to 6.1 m average height and 69.5 m 2 canopy area. At the Oxbow SWA site, total green weights of foliage were higher than green weights of woody parts for the 6 smallest T. ramosissima samples (<1.5 m average height and <1.1 m 2 canopy area), while total green woody material constituted greater weights for 19 larger samples (>1.5 m average height and >1.1 m 2 canopy area). Total oven-dry weights of foliage were higher than oven-dry weights of woody parts for only 4 samples (<1.2 m average height and <1.7 m 2 canopy area) and greater for 21 samples (>1.2 m average height and >1.7 m 2 canopy area). Mean dry weights from foliage collected at Oxbow SWA, on average, were reduced to 47.1% (+ -2.3) and woody parts to 63.6% ( + -0.6) of their green weights. Foliage represented, on average, 9.3%, and woody material represented 90.7% of the total ovendry weights for all samples collected at Oxbow SWA. The total oven-dry aboveground biomass for the individual T. ramossissima trees varied from 0.007 kg to 375.81 kg.
Five competing regression models were evaluated from a suite of candidate models (Table 1 ). The best model (AIC c = -148.69, ΔAIC c = 0; Table 1 ) explained 97% of the variation in total oven-dry aboveground biomass (TAGB) of T. ramosissima and was highly significant (P < 0.0001). It included both canopy area and average height as variables with canopy area being the strongest predictor of TAGB (partial R 2 = 0.95). Similarly, the 2nd-best model
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WESTERN NORTH AMERICAN NATURALIST [Volume 67 TABLE 1. Regression models for estimating Tamarix ramossissima total oven-dry aboveground biomass (TAGB; kg) using canopy area (CA; m 2 ) and average height (Ht; m) as predictors. P < 0.0001 for all models, n = 54. AIC c = Akaike's information criterion corrected for small sample size; ΔAIC ci = AIC ci -minimum AIC c ; CF is correction factor. The final estimates of T. ramossissima biomass (kg) should be multiplied by CF to correct for bias. See text for details.
Model
Coefficient (AIC c = -131.71, ΔAIC c = 16.98) also included canopy area and average height and explained 95% of the variation of TAGB. Canopy area for this model was equally as strong of a predictor as the 1st model (partial R 2 = 0.95, Table 1 ). Other candidate models utilized either canopy area or average height only, and explained 70% to 95% of the variation in T. ramosissima TAGB (models 3-5; Table 1 ). The 3rd model related only canopy area to TAGB (Fig. 1) and ex plained 95% of the variation (ΔAIC c = 21.93; Table 1 ). Our 4th model considered average height (Fig. 2) and square of average height as predictors of TAGB and explained 90% of the variation (ΔAIC c = 57.01), whereas a 5th model, which also considered only average height as a predictor, was the weakest model, explaining only 70% of the variation in TAGB. The results from our best model found a strong agreement between observed TAGB and predicted TAGB (Fig. 3 , Y = 0.0261 + 0.9674X, R 2 = 0.97).
DISCUSSION
We were extremely encouraged by our ability to accurately predict T. ramosissima aboveground biomass from simple field measurements of cover and height (Table 1, Fig. 3 ). While additional destructive sampling in other areas will be needed to generalize the models, the individuals and stands used here are indistinguishable from many of our study sites elsewhere in Colorado, New Mexico, and Utah. Our models may serve as a 1st approximation of aboveground biomass of T. ramosissima until additional samples are gathered from fringe populations, because there are high costs associated with collecting and analyzing this type of field data.
Although our models succeeded in identifying strong relationships between aboveground biomass and average height and canopy area (Fig. 3) , there are still important caveats to consider. The models may be strongest when applied to T. ramosissima within the geographical vicinity of our study area, and results may differ in other landscapes or at larger scales, or the results may not be applicable throughout the distributional range of T. ramosissima. Ecological variables such as climate, water availability, or disturbance regimes are likely to affect growth formations and stand structure of T. ramosissima. Therefore, our best model would provide much better biomass estimates if applied to the areas that have a range of variation in average height and canopy area similar to this study; this model may underestimate or overestimate biomass outside this range. Furthermore, in an effort to preserve simplicity, our models do not consider diameter, age, or stem numbers of sampled trees, all of which may contribute to varying biomass estimates. Also, our study measured actual foliage weights from only half of the sampled trees, using the results to estimate the other half.
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ABOVEGROUND BIOMASS OF TAMARIX 507 Fig. 2 . Relationship between Tamarix ramosissima average height (m) and predicted (TAGB; kg) from model 4 (R 2 = 0.90, P < 0.0001). Although dry weights of foliage are unlikely to vary much, we must acknowledge that some bias in the model can be expected.
These models may not be suited for other species of Tamarix and should be evaluated prior to application, or new models should be developed using similar methodology. In particular, our models that utilized average height and canopy area measurements independently to predict aboveground biomass (models 3, 4, and 5) are limited to the site of sampled trees. For example, model 3, which utilizes canopy area as the only predictor variable, does not distinguish between an area infested by new seedlings and an area infested by a mature stand; yet there will be obvious differences in aboveground biomass between the 2 sites. Despite these limitations, our best model, which utilizes both average height and canopy area (model 1, Table 1 ), has the strongest potential to provide researchers and resource managers with a rapid and easy method to determine aboveground biomass of T. ramosissima. However, this model is also sensitive to canopy area, and a correction factor for canopy area may be necessary for biomass predictions over larger areas (e.g., >100 m 2 ).
These models can be integrated with a variety of research initiatives such as determining water usage and productivity, monitoring the effectiveness of biocontrol agents, and developing remote sensing capabilities. Resource managers can employ these models to assess fire risks and changes in riparian habitats, and to calculate costs of herbicides and other control treatments. With some additional field work, these biomass models can also be applied for mapping landscape-level Tamarix biomass using remotely sensed data (e.g., Hall et al. 2006) . To broaden the applicability of aboveground biomass models, similar research initiatives are needed throughout the distribution range of T. ramosissima to assess the variability associated with geography and climate. Additionally, large-scale sampling from other invaded areas that have trees of varying height and canopy area would further enhance the models' utility for stand estimates and its application across the western United States.
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